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Abstract 28 
Carbon dioxide complexation was undertaken into solid matrices of amorphous and crystalline α-29 
cyclodextrin (α-CD) powders, under various pressures (0.4-1.6 MPa) and time periods (4-96 h). The 30 
results show that the encapsulation capacity of crystalline α-CD was significantly lower than that of 31 
amorphous α-CD at low pressure and short time (0.4-0.8 MPa and 4-24 h), but was markedly 32 
enhanced with an increase of pressure and prolongation of encapsulation time. For each pressure 33 
level tested, the time required to reach a near equilibrium encapsulation capacity of the crystalline 34 
powder was around 48 h, which was much longer than that of the amorphous one, which only 35 
required about 8 h. The inclusion complex formation of both types of α-CD powders was confirmed 36 
by the appearance of a CO2 peak in FTIR and NMR spectra. Moreover, inclusion complexes were 37 
also characterised by DSC, TGA, SEM and X-ray analyses. 38 
Keywords: α-cyclodextrin powder, carbon dioxide, inclusion complex, solid encapsulation. 39 
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1. Introduction 52 
Carbon dioxide (CO2) gas is widely used in many fields, especially in food and agricultural 53 
production to control the rate of respiration of agricultural products (Arvanitoyannis, 2012; Energy 54 
Institute, 2010), to retard the growth of undesirable organisms and improve the quality of meat and 55 
fish (Phillips, 1996), dairy (Hotchkiss et al., 2006) and orange juice products (Shomer et al., 1994). 56 
It is also used as a bubble-creating agent in many kinds of beverages (beer, soft drinks, soda water 57 
or coffee drinks), to enhance their organoleptic properties and prevent microbial development 58 
(Zeller and Kim, 2013) and in confectionery, such as pop rock candy, to give a popping feeling 59 
while chewing the candy (Kleiner et al., 1981). For these applications, CO2 gas is normally 60 
obtained from high-pressurised gas cylinders or ethanol fermentation processes. The use of CO2 gas 61 
from these sources has some shortcomings in regard to safety and handling. There are attempts to 62 
adsorb CO2 in many solid matrices for ease of use but the solubility and diffusion of CO2 in solid 63 
materials are usually very low, therefore it is very difficult to maintain CO2 at a high concentration 64 
(Ho et al., 2014). Many solid matrices used are not food-grade, therefore there is a limited 65 
application if they have to be used for food and pharmaceutical applications. These drawbacks can 66 
be addressed through the production of CO2 powders via encapsulation of CO2 into non-toxic, 67 
biodegradable and biocompatible solid matrices; α-CD powder is an ideal matrix for this 68 
application (Ho et al., 2014). α-CD powder is categorized as GRAS (Generally Recognized As 69 
Safe) in the USA, “natural products” in Japan, and as “novel food” in Australia and New Zealand 70 
(FSANZ, 2004; Irie and Uekama, 1997). The production of CO2 food powder will offer a safe 71 
method for further use and delivery and will be useful when only a small amount of gases is 72 
required (Ho, 2013). 73 
Some studies on CO2 encapsulation into α-CD powder have been reported (Neoh et al., 2006; 74 
Szejtli, 1988; Zeller and Kim, 2013). However, in these reports inclusion complexes were mainly 75 
produced by compressing the gas into a α-CD solution at a certain pressure and time. This method 76 
has a major disadvantage because it is carried out in a bath and takes several days for 77 
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crystallization, precipitation, filtration and dehydration of complexes. Another drawback is a low 78 
yield with less than 50% of obtained complexes (Ho et al., 2011; Neoh et al., 2006). 79 
An alternative technique which can overcome the above disadvantages is solid encapsulation in 80 
which CO2 gas is directly complexed into α-CD powder, thus 100% yield can be obtained.  81 
Unfortunately, commercial α-CD is a crystalline powder with an ordered and densely packed 82 
molecular structure. This restricts CO2 gas from diffusing into the cavities rapidly, especially under 83 
low pressures and short times. In this case, the amorphous α-CD powder with loose and random 84 
molecular arrangement can be more beneficial for quicker complexation. There is some published 85 
information on the complexation of ethylene with amorphous α-CD by Bhandari and Ho (2014). 86 
However, there has been no published research on the encapsulation of CO2 into amorphous α-CD 87 
powder.   88 
The characterization of the inclusion complexes is also very important to confirm the inclusion 89 
complex formation and to determine their potential applications. Various analytical techniques to 90 
characterise CD complexes have been reported (Ho et al., 2011; Neoh et al., 2007; Singh et al., 91 
2010), including scanning electron microscope (SEM), X-ray diffraction (X-ray), differential 92 
scanning calorimetry (DSC), thermogravimetric analysis (TGA), nuclear magnetic resonance 93 
spectrometry (NMR), Fourier transform infrared spectroscopy (FTIR), wettability and dissolution 94 
techniques. Therefore, together with an investigation on CO2 encapsulation capacity of amorphous 95 
and crystalline α-CD powders via a solid encapsulation technique, the characterisation of the 96 
resultant complex powders was also be undertaken in this research.  97 
2. Materials and methods 98 
2.1. Materials 99 
Crystalline α-CD powder (99% purity) was obtained from Wacker Biochem Group (Wacker 100 
Chemicals Inc., Germany) and amorphous α-CD powder was produced by spray drying as 101 
described in the previous study by Bhandari and Ho (2014). A 10% (w/w, 25oC) α-CD solution was 102 
prepared and spray dried. The anhydro spray dryer used for this experiment was located at The 103 
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University of Queensland, Australia, equipped with a twin fluid nozzle and has a water evaporation 104 
capacity of 3-4 l/h. The compressed air inlet of atomizer was set at 40 kPa. The inlet and outlet 105 
temperature of the drying air was controlled at 180 and 80oC, respectively. All powders were stored 106 
in a dry, airtight container until they were used for experiments. All other chemicals used in this 107 
study were of analytical reagent grade. 108 
2.2. Preparation of the CO2-α-CD inclusion complexes 109 
The inclusion complexes of CO2 with amorphous and crystalline α-CD powders were prepared by a 110 
solid encapsulation method at pressures of 0.4, 0.8, 1.2 and 1.6 MPa for 4-96 h using a pressure 111 
vessel developed at The University of Queensland, Australia. About 20 g of α-CD powders was 112 
weighed into a plastic container and then placed into pressure vessel chamber (52 mm in diameter 113 
and 220 mm in depth). The vessel chamber containing samples was first flushed with CO2 gas at 114 
least three times to eliminate any residual air before setting at the desired pressure level. The vessel 115 
pressure was regularly checked and re-supplied with CO2, especially at the first 1-2 hours of the 116 
encapsulation process, in order to maintain the required pressure. After a predetermined time, the 117 
complex powder was removed from the chamber and quantified for the amount of CO2 118 
encapsulated.  119 
2.3. Quantification of CO2 gas in the complex powder 120 
The CO2 encapsulation capacity of α-CD powders was determined using the infrared CO2 probe 121 
system. About 10 ml of distilled water was used to release CO2 from 4-5 g of the complex powders 122 
in the headspace of a sealed chamber. Some of the gas will remain dissolved in the water added in 123 
the system, which should be accounted for. Therefore, the CO2 released from the complex powder 124 
includes CO2 in the headspace and CO2 dissolved into water. Due to the presence of CO2 in the air, 125 
the CO2 in the headspace is calculated from the difference between values measured without and 126 
with powder; while the CO2 concentration dissolved in water was estimated based on Henry’s Law: 127 
Cw = 0.8317*Ch (at 25oC) (Sander, 1999) where Cw and Ch are the CO2 concentrations (cm3/m3) in 128 
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the water and headspace, respectively. From these results, the CO2 concentration in the complexes 129 
was reported as molar inclusion ratios (mol CO2/mol CD).  130 
2.4. Determination of particle size of α-CD powders 131 
In order to explain the differences in the encapsulation capacity of amorphous and crystalline α-CD 132 
powders, their particle size distribution (PSD) was determined using a laser light scattering analyser 133 
(Malvern Mastersizer 2000, Malvern Instruments Ltd., Worcestershire, UK). About 2 g of powders 134 
was dispersed into 10 ml isopropanol to produce a homogeneous liquid dispersion mixture. Then, 135 
this mixture was slowly added to isopropanol which was used as a dispersant in Mastersizer until an 136 
obscuration rate of 15% was reached in the particle size analyser. The particle size of samples was 137 
calculated based on Mie theory with refractive indices of cyclodextrin powder and isopropanol 138 
being 1.59 and 1.37, respectively and with an assumption of spherical particles. Moreover, SEM 139 
images of amorphous and crystalline α-CD particles are also presented together with PSD.    140 
2.5. Characterization of CO2-α-CD inclusion complex powders 141 
2.5.1. Moisture content 142 
The moisture content of α-CD powders and their complexes was determined by AOAC 925.45 143 
(AOAC, 1996). About 1 g of sample was weighed into aluminum dishes and dried in a Thermoline 144 
vacuum oven at 70oC, (absolute pressure 80 kPa) (Scientific Equipment, Australia). At two hour 145 
intervals, the dishes were withdrawn from the oven and cooled to room temperature in a desiccator 146 
containing silica gel for about 20 minutes before weighing. This process was repeated until a mass 147 
change of samples between measurements was less than 2 mg. 148 
2.5.2. Scanning electron microscopy (SEM) 149 
The SEM analysis of samples was done by using a JEOL JMS 6460LA Scanning Electron 150 
Microscope (Jeol Ltd., Tokyo, Japan). The samples were fixed on double-sided carbon tape and 151 
kept in a desiccator with silica gel for at least 24 h before observation under SEM. Samples were 152 
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then coated with iridium (in argon) at 15 mA for 100 s. The accelerating voltage during SEM 153 
scanning was at 5 kV. 154 
2.5.3. Fourier transform infrared spectroscopy (FTIR) 155 
Infrared absorbance spectra of samples were recorded using a FTIR Spectrometer Attenuated Total 156 
Reflectance (ATR) Spectrum 100 (PerkinElmer Ltd, Beaconsfield, UK). The scanning frequencies 157 
ranged from 4000 to 650 cm-1. Spectra resolution was 4 cm-1 and the number of scans was 16. 158 
2.5.4. X-ray diffraction analysis 159 
X-ray diffractograms of samples were obtained by using the Bruker Advance AXS D8 X-ray 160 
diffractometer (Bruker AXS GmbH, Karlsruhe, Germany). The measurement was carried out with a 161 
voltage and current of 40 kV and 30 mA, respectively by using Cu radiation and a graphite 162 
monochromator at 25oC with 1oC min-1 and an angular range of 2θ = 3-30o. The step size and time 163 
constant were 0.02o and 1 s, respectively.  164 
2.5.5. Thermal analysis 165 
Thermal properties of samples were characterized by using differential scanning calorimetry (DSC, 166 
Mettler Toledo, Switzerland) and thermogravimetric analysis (TGA, Mettler Toledo, Switzerland). 167 
For both methods, about 5-10 mg of samples was sealed in an aluminum pan with a pin-hole lid. 168 
The range of thermal scanning was 25-250oC for DSC and 25-400oC for TGA, with a heating rate 169 
of 10oC min-1 and nitrogen was used as the purge gas. The thermal analyzers were calibrated before 170 
the sample analysis.  171 
2.5.6. 13C solid-state nuclear magnetic resonance spectrometry (13C solid-state NMR) 172 
Solid-state NMR spectra were recorded by using a Bruker Advance III NMR (Bruker AXS GmbH, 173 
Karlsruhe, Germany) at 300 MHz under cross-polarization and magic-angle spinning (CP-MAS) 174 
and high-power 1H dipolar decoupling. During measurement, the power dipolar decoupling was 175 
about 7.5 dP. Zirconia rotors were employed and the sample spinning speed was 5 kHz. Topspin 176 
NMR software was used. 177 
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2.6. The design of experiment and statistical analysis 178 
The encapsulation experiments were performed following a completely randomized design with 179 
two replications and were subjected to analysis of variance (ANOVA) at a significance level p = 180 
0.05 using the statistical programme Minitab 16.0. For characterization of inclusion complexes, 181 
each criterion was repeated at least two times.  182 
3. Results and discussion 183 
3.1. Encapsulation capacity of amorphous and crystalline α-CD powders 184 
The encapsulation capacity of CO2 into amorphous and crystalline α-CD powders at different 185 
pressures (0.4-1.6 MPa) and times (4-96 h) is shown in Figure 1. The results revealed that for both 186 
types of α-CD powders, the increase of adsorption pressure and time resulted in an increase in 187 
encapsulation capacity, especially for crystalline α-CD powder. This is because of an increase of 188 
gas density and penetration force at higher pressure and longer time of encapsulation (Ho, 2013). 189 
The ANOVA results showed that there were statistically significant differences (p < 0.05) between 190 
encapsulation capacity values among pressure, time and types of α-CD solid structure. 191 
The amorphous α-CD powder with no long-range order and loose structure allows CO2 to diffuse 192 
easily into molecular cavities in which interfacial interactions between CO2 and α-CD molecules 193 
are formed (Bhandari and Hartel, 2005). Therefore, the CO2 encapsulation capacity of amorphous 194 
α-CD powder was relatively high at low pressure and short time, even at 0.4 MPa and 4 h, the 195 
amorphous α-CD-CO2 complex powder contained about 0.55 mol CO2/mol CD. However, CO2 in 196 
the amorphous α-CD complex powder is not held strongly. Upon depressurization, some fraction of 197 
CO2 will be released. This might have led to a slow increase in encapsulation capacity of the 198 
amorphous α-CD powder at high pressure and long time. At all pressures investigated, the 199 
encapsulation capacity of amorphous α-CD powder had reached its maximum value within 8 h. 200 
There was no further increase due to the immediate loss during depressurization.  201 
In contrast, it is difficult for CO2 to diffuse into the highly packed structure of crystalline α-CD 202 
powder (Bhandari and Hartel, 2005). Therefore, the CO2 encapsulation capacity of crystalline α-CD 203 
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powder was significantly lower than that of amorphous α-CD powder at low pressure and short time 204 
(e.g. 0.4-0.8 MPa and 4-24 h), but considerably higher than that of amorphous α-CD powder at 205 
higher pressure and longer time (P > 0.8 MPa and t > 48 h). The maximum CO2 adsorption capacity 206 
of crystalline α-CD powder recorded was about 1.45 mol CO2/mol CD (about 6.20 %, w/w) at 1.6 207 
MPa in 48 h. This result was quite similar to a value reported by Neoh et al. (2006) in which a mole 208 
of crystalline α-CD powder entrapped 1.28-1.41 mol CO2 at pressure 1-3 MPa for 48 h. In a report 209 
by Ho (2013) the non-polar ethylene gas (C2H4) encapsulation capacity into crystalline α-CD 210 
powder was extremely low, less than 0.014 mol C2H4/mol CD at 1.5 MPa in 48 h. This dissimilarity 211 
is probably due to differences in molecular geometry between C2H4 and CO2. The molecular 212 
structure of CO2 is linear with an angle between bonded atoms of 180o and a longitudinal dimension 213 
of 0.232 nm while that of C2H4 is trigonal planar with H-C-H and H-C-C angles of about 120o, and 214 
C-C and C-H distances of 0.134 nm and 0.110 nm, respectively (Kotz et al., 2011). These 215 
differences result in dissimilarity in molecular size and thermodynamic properties which are two 216 
key factors in determination of complex formation of cyclodextrin and guests (Del Valle, 2004).  217 
The differences in encapsulation capacity of amorphous and crystalline α-CD powders can be partly 218 
influenced by their particle size distribution (PSD). The PSD of amorphous and crystalline α-CD 219 
powders were shown in Figure S.1 (supplementary material part). The particle size of crystalline α-220 
CD powder was significant larger and wider distribution than that of the amorphous α-CD powder. 221 
With an assumption of spherical particles, the average particle diameter calculated from surface 222 
area of amorphous and crystalline α-CD was 13.28 ± 0.51 µm and 44.10 ± 5.38 µm, respectively. 223 
These results were confirmed by SEM images. The larger particles will require more time for CO2 224 
to diffuse and the intermolecular pore space of crystalline structures can also adsorb more gas under 225 
compression. The effect of particle size of the crystalline structure on the complexation kinetics will 226 
require further work.  227 
3.2. Qualitative characterisation of inclusion complexes 228 
3.2.1. Moisture content  229 
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During moisture analysis of the complexes, both water evaporation and CO2 release will occur, 230 
therefore moisture content (MC) of the complexes was only calculated after subtracting the amount 231 
of CO2 released, which is the difference in the CO2 amount in the complexes before and after 232 
moisture analysis. The moisture content of the α-CD powders and their complexes are illustrated in 233 
Table S.1 (supplementary material part). For each type of α-CD powder (amorphous and 234 
crystalline) the moisture content of the complexes was lower than that of the pure α-CD powder. 235 
The complexes with the highest encapsulation capacity had the lowest moisture content. A similar 236 
result was also reported by Ponce Cevallos et al. (2010) and Fang et al. (2013) for essential oils 237 
encapsulation into CD. These results can be explained by the displacement of water from α-CD 238 
molecules by CO2 under pressure.  239 
3.2.2. SEM analysis 240 
The SEM images of the α-CD powders and their complexes at different encapsulation conditions in 241 
Figure 2 indicate that CO2 encapsulation at a moderate pressure (P ≤ 1.6 MPa) almost did not 242 
induce any change in morphology of the α-CD powders. However, there were cracks developed on 243 
the surface of some crystalline complex particles, and these cracks become more obvious with an 244 
increase of pressure. This might be caused by the pressure effect and/or penetration of CO2 into 245 
powder particles, which might weaken the structure of particles. 246 
3.2.3. FTIR spectroscopy 247 
CO2 has no net dipole moment at rest because it has a linear and centrosymmetric arrangement 248 
consisting of two oxygen atoms covalently double-bonded to a carbon atom (Smith, 1999). 249 
However, under infrared radiation it absorbs infrared light and stretches to produce two vibrational 250 
bands, namely an asymmetric mode at 2349 cm-1 and a bending mode about 667 cm-1 (Urbansky, 251 
2001). These peaks were clearly shown on an infrared spectra of CO2 gas by using FTIR analysis 252 
(Dierenfeldt, 1995). Therefore, the presence of these peaks on FTIR spectra of the complexes can 253 
be evidence of the entrapment of CO2 in α-CD cavities or complex formation. Moreover, it is also 254 
believed that CO2 might interact with hydroxyl groups (-OH) of water in the α-CD powder and α-255 
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CD molecules to form carbonic acid (H2CO3), instead of forming complexes (Neoh et al., 2006). If 256 
this hypothesis is true, a strong adsorption peak in the range of 1770-1750 cm-1, representing 257 
carbonyl groups (C=O), such as aldehydes, ketones, esters and carboxylic acids (Coates, 2000), will 258 
be  observed.  However, there was no peak (between 1770-1750 cm-1) identified from the FTIR 259 
spectra of the complex samples (Figure 3). Therefore, it is concluded that there is no carbonic acid 260 
formation during encapsulation. 261 
As shown in Figure 3, unlike the FTIR spectra of pure α-CDs, a strong band at 2334 cm-1 was 262 
observed for all complexes regardless if the complexes were formed with amorphous or crystalline 263 
α-CDs. The wavenumber of this band is less than that of the asymmetric vibrational band of CO2 264 
gas by about 15 cm-1. This phenomenon, known as “red-shift”, was caused by occupation of CO2 in 265 
the cavity of α-CD under high pressure (Neoh et al., 2006). A “red-shift” phenomenon of this 266 
wavenumber was also reported for complexes of CO2 with various solid matrices, such as p-t-267 
butylcalix[4]arene (Graham et al., 2002) and in KBr pellet  (Keresztury et al., 1980). 268 
Similar to the results reported by Neoh et al. (2006), there was no bending mode at 667 cm-1 of CO2 269 
in the IR spectra of the CD complexes as this peak might fall into the fingerprint region (1500-500 270 
cm-1) caused by encapsulation of CO2 into α-CD cavities. Moreover, it was reported that the 271 
intensity of this peak decreased sharply due to increased pressure and limited space for CO2 rotation 272 
when it was compressed into a KBr pellet (Keresztury et al., 1980). These findings were 273 
comparable to this results in which the bending mode at 667 cm-1 of CO2 was not found in any 274 
spectra of the complexes. 275 
In addition, a comparison of IR spectra between crystalline α-CD and its complexes revealed that 276 
there was a slight change and a reduction in the intensity of peaks at 1500-1180 cm-1 and 998 cm-1. 277 
These peaks are assigned to C-H (or H-C-H) bending and cyclohexane ring vibrations (1005 to 925 278 
cm-1) (Coates, 2000). However, for the complexes of amorphous α-CD, there were no such changes. 279 
These differences are possibly the result of structural differences between amorphous and 280 
crystalline α-CD powders.   281 
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The broad peak at a wavenumber range of 4000-3000 cm-1 is usually associated with asymmetric 282 
and symmetric stretching of hydroxyl groups (O-H) (Coates, 2000). The peak for hydroxyl groups 283 
of crystalline α-CD powder was 3371 cm-1 and was shifted to higher frequency (3410 cm-1) as it 284 
formed a complex with poly(ε-caprolactone)-poly(ethylene oxide)-poly(ε-caprolactone) triblock 285 
copolymer (Lu et al., 2000). However, research by Ho et al. (2011), shows that this peak did not 286 
change in the spectra of α-CD inclusion complexes with ethylene gas because this gas was included 287 
in the α-CD cavity rather than on the α-CD surface. Therefore, the α-CD outer ring containing the -288 
OH groups was not disturbed during inclusion complex formation. This investigation is in 289 
agreement with this study in which there was no change in the IR spectra in a wavenumber range of 290 
4000-3000 cm-1 for all complexes containing CO2.  291 
3.2.4. X-ray analysis 292 
Figure 4 depicts the X-ray diffractograms of pure amorphous, crystalline α-CD and their complexes 293 
with CO2 at various encapsulation conditions. Many sharp peaks were observed on X-ray curves of 294 
CO2 complexes with crystalline α-CD and two broad peaks found in those of CO2 complexes with 295 
amorphous α-CD powder indicated that the former complexes had a crystalline structure and the 296 
latter complexes were an amorphous form.  297 
It was also noticed that there were obvious differences in X-ray diffractograms of pure crystalline 298 
α-CD powder and its complexes with CO2, while pure amorphous α-CD powder and its complexes 299 
had the same X-ray diffraction patterns. These differences are because of dissimilarity in the 300 
structure between amorphous and crystalline α-CD powder. For amorphous α-CD powder with 301 
short range order, the structure allows CO2 gas to get into its cavity easily. Therefore, CO2 302 
encapsulation under high pressure (P = 0.4 - 1.6 MPa) did not cause any changes in its structure. 303 
This result was comparable to a report by Ho (2013) for C2H4 gas. 304 
Unlike amorphous α-CD powder, the crystal lattice structure of crystalline α-CD powder significant 305 
changed, especially at high pressure, when it was encapsulated with CO2 gas. These changes 306 
include an increase of peak intensity at angle of 9.5, 9.7, 12.3, 13.4 and 22.1o and a decrease of peak 307 
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intensity at angle of 12.1, 14.2, 15.1, 15.7, 19.1 and 21.6o.  These results were quite similar to those 308 
found in complexes between crystalline α-CD powder with various gases, such as CO2 (Neoh et al., 309 
2006), C2H4 (Ho et al., 2011) and 1-MCP (Neoh et al., 2007). Therefore, the alteration of 310 
diffraction pattern of crystal complexes is caused by inclusion of CO2 into the α-CD cavity.  311 
3.2.5. Thermal analysis 312 
3.2.5.1. DSC analysis 313 
The DSC thermograms of α-CD powders and their complexes with CO2 at different encapsulation 314 
conditions are shown in Figure 5. All the endothermic peaks on these curves represent water 315 
evaporation, CO2 release (for complexes) or enthalpy relaxation of amorphous α-CD powder. These 316 
were confirmed by the disappearance of these peaks in the second DSC scans (small graph in 317 
upper-right corner of Figure 5).  318 
For pure crystalline α-CD powder, inclusion of CO2 into its cavity led to changes in the peaks 319 
present in DSC scans. Unlike the DSC curve of crystalline α-CD, a small peak was observed at a 320 
range of 45-50oC for its complexes, which could indicate CO2 release because CO2 is loosely held 321 
in the α-CD cavity by physical forces which are easily broken due to heating (Schneiderman and 322 
Stalcup, 2000). When the CO2 concentration in the complexes increased from 0.30 to 1.45 mol 323 
CO2/mol CD, two peaks at a temperature region of 100-125oC, which were observed on the DSC 324 
curves of pure crystalline α-CD and its complexes with low CO2 concentration (0.3 mol CO2/mol α-325 
CD), were merged into a single peak. The other alterations are a decline of the peak at about 75oC 326 
and the appearance of a new peak at 140oC. The loss of water due to complexation is evident from 327 
the reduction in the peaks at around 75oC and 120oC, and the appearance of CO2 evaporation peaks 328 
at around 50oC and 140oC. The occupation of CO2 in the crystalline α-CD cavity appears to have 329 
modified the dynamics of water evaporation. A similar result was also reported for DSC analysis of 330 
C2H4-α-CD complexes (Ho et al., 2011). 331 
For amorphous α-CD powder, the entrapment of CO2 in its cavities had little effect on the random 332 
and loose structure. Therefore, the DSC thermograms of pure amorphous α-CD and its complexes 333 
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were almost identical, although the endothermic hump of the amorphous α-CD was lower than that 334 
of its complexes.  335 
3.2.5.2. TGA analysis 336 
The complete release of water and CO2 from complexes observed from DSC scans at 150oC can be 337 
confirmed by TGA scans (Figure S.2 in supplementary material part). In a temperature range of 25 338 
to 150oC, weight loss of crystalline α-CD powder was 9.91% (d.b.) while that of crystalline α-CD 339 
powders complexed at 0.30 and 1.45 mol CO2/mol α-CD, (corresponding to 1.36 and 5.98% (w/w) 340 
of CO2) was 10.04 and 13.19% (d.b.), respectively. A similar situation was also observed for 341 
amorphous CD and its complexes in which the weight loss of amorphous α-CD was less than that of 342 
amorphous complexes. At the same temperature region, the weight loss of amorphous CD and its 343 
complexes with 0.62 and 0.91 mol CO2/mol α-CD (corresponding to 2.17 and 3.93% (w/w) of CO2) 344 
was 6.44, 7.14 and 7.48% (d.b.), respectively. The difference in weight loss of α-CD powders and 345 
their complexes is because of the replacement of water in the α-CD cavities by CO2 due to 346 
complexation. After deducting for CO2 concentration, the moisture content of these complexes was 347 
comparable to those determined by vacuum drying at 70oC (Table S.1). These results are similar to 348 
those reported by Ho et al. (2011) in which the weight loss of crystalline α-CD powder was less 349 
than that of α-CD-C2H4 complexes using TGA.  350 
Moreover, it can be seen from TGA curves that the entrapment of CO2 into their cavity by physical 351 
forces does not induce any changes in decomposition temperature (~292oC for amorphous α-CD 352 
powder and ~303oC for crystalline α-CD powder).  353 
3.2.6. NMR analysis 354 
The 13C NMR spectra of amorphous and crystalline α-CD powders and their complexes are shown 355 
in Figure 6. A peak at 125.3 ppm was only observed on the NMR spectra of complexes while the 356 
NMR spectra of amorphous and crystalline α-CD powders did not show such a peak. On 13C NMR 357 
spectra, the chemical shift of pure CO2 gas under ambient condition was reported at 124.2-124.4 358 
ppm (Kohn et al., 1991; Sozzani et al., 2005), which is the same as that of CO2 dissolved in 359 
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champagne and sparkling wines (Autret et al., 2005). However, a downfield shift of 2.1 ppm or 360 
upfield shift of about 1 ppm were observed when CO2 was entrapped into crystals of tris-(-o-361 
phenylenedioxy)-cyclotriphosphazene (Sozzani et al., 2005) or metal-organic framework (Mg-362 
MOF-74 and CPO-27-Mg) matrices (Kong et al., 2012), respectively. Moreover, according to Omi 363 
et al. (2005), the 13C NMR chemical shift of CO2 entrapped into porous materials would change 364 
depending on the type of materials. Two sharp peaks at 126 and 123 ppm were observed for CO2 365 
adsorbed into activated carbon fibre while only a peak at 126 ppm was found for CO2 entrapped 366 
into zeolites (e.g. 4A, 5A, FSM-16 and ZSM-5) and mesoporous silica. Similarity in chemical shift 367 
of CO2 between CO2 gas and CO2 adsorbed into NaX, NaY and NaA zeolites was also reported 368 
(Michael et al., 1986). Therefore, on the basis of these reports, it is possible to conclude that the 369 
peak at 125.3 ppm corresponds to CO2 molecules encapsulated into the α-CD cavity. 370 
For crystalline α-CD powder, in addition to the appearance of a 125.3 ppm peak, shifts of peaks at 371 
C1, C4 and C2-3-5 (where C1 and C4 relate to the α-(1,4) linkages) were also observed in NMR 372 
spectra of the inclusion complexes. The entrapment of CO2 into the cavity of crystalline α-CD 373 
powder resulted in a shift of a peak at C1 from 97.8 ppm to 100.1 ppm, a splitting of peaks at C4 and 374 
a significant increase of intensity of a peak at 74.2 ppm. These changes are possibly caused by 375 
adoption of a less symmetrical conformation of crystalline α-CD powder to occupy the guest 376 
molecules in its cavity (Ho et al., 2011), and become more obvious as the CO2 concentration in the 377 
inclusion complexes increases from 0.30 to 1.45 mol CO2/mol α-CD. The changes of 13C NMR 378 
spectra of crystalline α-CD powder due to entrapment of guest molecules were also previously 379 
reported (Ho et al., 2011; Jara et al., 2008; Li et al., 2003). Contrary to the crystalline α-CD powder, 380 
the CO2 entrapment of amorphous α-CD powder did not cause any changes in 13C NMR spectra, 381 
except for the appearance of a new peak at 125.3 ppm.  382 
4. Conclusion 383 
The CO2-α-CD complexes can be produced by directly compressing CO2 gas into solid α-CD 384 
powders. The amorphous α-CD powder is more effective at encapsulating CO2 at lower pressures 385 
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and at shorter duration of time than the crystalline α-CD powder. At 0.4 MPa and 4 h, the former 386 
can encapsulate about 0.60 mol CO2/mol CD while the latter entrapped only 0.05 mol CO2/mol CD. 387 
Moreover, the equilibrium encapsulation time at each pressure level was about 8 h for amorphous 388 
powder and more than 2 days for the crystalline powder. An increase of pressure and prolongation 389 
of the time have significantly enhanced the encapsulation capacity of the crystalline powder. For 390 
example, the encapsulation ratio of the crystalline powder at 1.60 MPa and 48 h was 1.45 mol 391 
CO2/mol CD, considerably higher than that of the amorphous powder with just about 0.98 mol 392 
CO2/mol CD.  393 
In order to confirm CO2-α-CD powder complex formation, FTIR and 13C NMR analyses are 394 
excellent techniques as the peak assigned for CO2 is easily identified on the FTIR and 13C NMR 395 
spectra of these complexes (2334 cm-1 and 125.3 ppm, respectively). Moreover, the complex 396 
formation of crystalline α-CD powder was characterised by changes in particle surface (SEM), 397 
thermal properties (DSC and TGA) and structure (X-ray analysis), whereas complex formation of 398 
the amorphous α-CD powder did not show any alteration of these properties. Although the 399 
maximum encapsulation capacity of amorphous α-CD powder is lower than that of the crystalline 400 
α-CD powder (approximately 1.05 mol CO2/mol CD and 1.45 mol CO2/mol CD, respectively), the 401 
CO2 concentration in amorphous CO2-α-CD powder is high enough to be used in various food 402 
applications, such as for extending the shelf-life of cottage cheese (400 ppm) or for carbonation of 403 
various drinks (1,500-5,000 ppm). With a concentration of 1.05 mol CO2/mol CD, corresponding to 404 
about 4.5 wt% or 45,000 ppm, it requires less than 15 g or about 45 g of amorphous CO2-α-CD 405 
powder to preserve 1 kg of cottage cheese (500 ppm) or carbonate 1 l of water (2,000 ppm), 406 
respectively. Further study is being pursued on this aspect. 407 
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Figure caption 
 
Figure 1: Encapsulation capacity of CO2 into amorphous and crystalline α-CD powders. 
Figure 2: The SEM images of α-CD powders and their complexes with CO2. 
Figure 3: FTIR spectra of α-CD powders and their complexes with CO2. 
Figure 4: X-ray diffractograms of α-CD powders and their complexes with CO2. 
Figure 5: DSC scans of α-CD powders and their complexes with CO2, 
(*)
 is the second DSC scans. 
Figure 6: 
13C NMR spectra of α-CD powders and their complexes with CO2. 
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Figure 1: Encapsulation capacity of CO2 into amorphous and crystalline α-CD powders. 
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 Figure 2: The SEM images of α-CD powders and their complexes with CO2.  
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Figure 3: FTIR spectra of α-CD powders and their complexes with CO2. 
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         Figure 4: X-ray diffractograms of α-CD powders and their complexes with CO2. 
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Figure 5: DSC scans of α-CD powders and their complexes with CO2, 
(*)
 is the second DSC scans. 
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Figure 6: 
13C NMR spectra of α-CD powders and their complexes with CO2. 
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Highlights 638 
 CO2 complexation was undertaken into amorphous and crystalline α-CD solid matrices. 639 
 Inclusion complexes were characterized by SEM, FTIR, NMR, X-ray, DSC and TGA. 640 
 Amorphous α-CD entrapped more CO2 than crystalline at low pressure and short time. 641 
 Complex formation was confirmed by appearing of CO2 peak on FTIR and NMR spectra. 642 
 643 
 644 
